Abstract. The Ni-Mn-Ga shape memory alloy displays the largest shape change of all known magnetic Heusler alloys with a strain of the order of 10% in an external magnetic field of less than one Tesla. In addition, the alloys exhibit a sequence of intermediate martensites with the modulated structures usually appearing at c/a < 1 while the low-temperature nonmodulated tetragonal structures have c/a > 1. Typically, in the Ni-based alloys, the martensitic transformation is accompanied by a systematic change of the electronic structure in the vicinity of the Fermi energy, where a peak in the electronic density of states from the non-bonding Ni states is shifted from the occupied region to the unoccupied energy range, which is associated with a reconstruction of the Fermi surface, and, in most cases, by pronounced phonon anomalies. The latter appear in high-temperature cubic austenite, premartensite but also in the modulated phases. In addition, the modulated phases have highly mobile twin boundaries which can be rearranged by an external magnetic field due to the high magnetic anisotropy, which builds up in the martensitic phases and which is the origin of the magnetic shape memory effect. This overall scenario is confirmed by first-principles calculations.
Introduction
In the ferromagnetic Heusler alloys with a magnetically controlled shape memory effect, a thermoelastic structural (martensitic) transition occurs from the high temperature cubic phase (austenite) to the tetragonal (martensite) phase in the ferromagnetic state. The structural transformations and accompanying phenomena in these materials can be both controlled by an external magnetic field. During the martensitic transition, the crystal lattice exhibits a spontaneous deformation that can be as large as 20%. The martensitic transition is accompanied by a one-way or two-way shape memory effect and superelasticity. Furthermore, the magnetic and strutural transition can coexist over a substantial range of compositions giving rise to a first-order magnetostructural phase transition in some of the Heusler alloys. In this case, the alloys show a giant magnetocaloric effect. These factors make the new functional materials very promising for magnetically controlled devices like actuators, sensors and magnetic refrigerators working at room temperature. For theoretical and experimental review articles see [1] [2] [3] [4] [5] .
Although, since the discovery of this effect in 1996 [6] about 10% of strain due to magnetically controlled twin boundary motion in the low-temperature tetragonal phase has meanwhile been achieved [7] which may be used commercially, there is no profound solution of the fundamental physical problem at hand concerning the interaction of elastic and magnetic degrees of freedom in the vicinity of the phase transitions. For compositions where coupled magnetostructural transitions exist, these alloys show the best values of entropy and temperature changes ever met in magnetic materials. However, the simulataneous occurrence of the magnetocaloric and inverse magnetocaloric effect have not really been unsterstood microscopically. Hence, the role of magnetoelastic coupling and magnetic field-driven changes at the martensitic transitions in the ferromagnetic Heusler alloys deserve further investigations.
Crystal structure and magnetic properties of stoichiometric Ni 2 MnGa
The high-temperature austenitic phase of Ni-Mn-Ga alloys has the cubic L2 1 structure (Fm3m space group) which can be obtained from the melt (melting temperature is 1382 K for the stoichiometric compound) via the fully disordered A2 phase with arbitrary occupation of every lattice site, or through the intermediate partially ordered B2
′ phase [8] , in which the Ni atoms already form the frame of the lattice, while the Mn and Ga atoms still occupy arbitrary positions, or directly to the completely orderd body-centered cubic L2 1 phase [9] . For stoichiometric Ni 2 MnGa, the B2 ′ to L2 1 transition occurs at 1071 K. Down to T M ∼ 200 K (martensitic transition), Ni 2 MnGa remains in the L2 1 phase. Then, a structural transition to a modulated tetragonal c/a < 1 phase is observed in these alloys upon cooling below T M [10] .
It is worth noting that the crystal structure and space group of the low-temperature phase is still a subject of controversy. Thus, for example, results of high-resolution neutron diffraction [11] give reasons for concluding that for the stoichiometric Ni 2 MnGa composition, the martensitic phase, which was considered for a long time as tetragonal, seems more likely to have an orthorhombic symmetry of Pnnm space group. Part of the driving force for the martensitic transformation from the high-temperature cubic L2 1 with c/a = 1 to the modulated tetragonal 5M or modulated orthorhombic 7M structures with c/a ≈ 0.94 in Ni 2 MnGa-based Heusler alloys was tentatively associated with the band Jahn-Teller effect [12] [13] [14] .
Ni 2 MnGa is ferromagnetic with a Curie temperature T C of 376 K, hence, the martensitic transformation in the ferromagnetic state goes hand in hand with a change of the magnetic parameters which shows up as a sharp change of magnetic anisotropy and magnetization saturation [15] . Neutron scattering experiments on the stoichiometric samples [10] showed that the magnetic moment is mainly localized on the Mn atoms with reported values of the Mn magnetic moment ranging from 3.8 µ B to 4.2 µ B . Although the magnetic moment of Ni is considerably smaller being about 0.2-0.4 µ B , Ni atoms are important since they influence the structural stability of the L2 1 structure as ab initio calculations show [4] .
Relevance of composition for the properties of Ni-Mn-Ga
The compositional dependence of the physical properties was mostly investigated for excess Ni concentration in Ni 2+x+y Mn 1−x Ga 1−y . It has turned out that old Hume-Rothery rules are helpful as kind of thumbnail when discussing changes in the properties not only for Ni-Mn-Ga but also for other magnetic Heusler alloys in terms of the average electron concentration per atom, e/a. Chernenko established the empirical dependence of the martensitic transition temperature T M on the electron concentration e/a [16] 
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Advances in Shape Memory Materials electrons for Ni, Mn, and Ga, respectively). For the Ni-Excess alloys, the martensitic transition temperature changes substantially for deviations from stoichiometry [16] [17] [18] [19] and doping [20] [21] [22] [23] [24] [25] . A qualitative understanding of the phase diagram of Ni 2+x+y Mn 1−x Ga 1−y is obtained by considering trends like that for fixed Mn content the increase in Ga content lowers T M [17] while the same effect can be achieved by substituting Mn for Ni atoms by keeping the Ga content fixed. However, substitution of Mn for Ga with the Ni content unchanged increases the martensitic transition temperature. Following [16] one observes that in alloys with e/a < 7.7 the martensitic transition temperature increases with electron concentration with a coefficient of roughly 900 K(e/a) −1 , while for alloys with e/a ≥ 7.7 this coefficient is of the order 500 K (e/a) −1 . In Ref. [26] the e/a dependence of T M is described as T M = [702.5(e/a) − 5067] K, which makes it possible to define the empirical dependence of T M on the molar Mn content (xMn) and the molar Ga content (xGa) as T M = (1960 − 21.1x Mn − 49.2x Ga) K. Premartensitic transitions have been observed in Ni 2+x+y Mn 1−x Ga 1−y alloys with relatively small deviations from stoichiometry and martensitic transition temperatures lower than 270 K. The corresponding phase diagram taken from the literature [27] [28] [29] [30] [31] showing the temperature variation of magnetic, premartensitic and martensitic transitions as function of concentration x and e/a are shown in in Figs. 1 and 2 . Experimentally, the region with c/a < 1 seems to be separated from the one with c/a > 1 by a transition region, data are from various authors, e.g., from Neumann [32] . Additional interesting information may be found in Ref. [33] where the orthorhombic versus tetragonal phase transformation is studied in the (Mn, Ga)-concentration plane. There seems to be a qualitative difference between the transformation to the tetragonal and orthorhobic phases as the first one displays a rather narrow hysteresis in comparison to the orthorhombic case, see right panel in Fig. 3 .
Pronounced anomalies at T P have been observed in the temperature dependence of the electrical resistivity of Ni 2+x Mn 1−x Ga for x = 0 − 0.09 [34] . Zheludev et al. suggested that the premartensitic transitions emerge from the nesting behavior of the Fermi surface [35] . Since the premartensitic transition temperature T P is weakly dependent on deviations from stoichiometry and is observed only in Ni 2+x+y Mn 1−x Ga 1−y for T M < 270 K [36] , variation in conduction electron concentration has probably only a slight effect on the nesting section of the Fermi surface. In alloys with T M > 270 K, the martensitic transition is accompanied by a drastic reconstruction of the Fermi surface, which occurs before the nesting singularities of the cubic phase have time to manifest themselves. No premartensitic transition is observed in this case. Obviously, in the last case the intermartensitic phase transitions must exist in Ni 2+x+y Mn 1−x Ga 1−y alloys.
The discussion of phase changes entirely in terms of e/a has its drawbacks when considering the changes of the magnetic moments (which reside mainly on the Mn atoms), e.g., e/a can be increased without changing the Mn content (substituting Ni for Ga), or by changing the Mn content (substituting Ni for Mn). Obviously, the two ways of changing the electron concentration are not equivalent with respect to the magnetic properties of Ni 2+x+y Mn 1−x Ga 1−y .
With the exception of Ni 2+x Mn 1−x Ga (y = 0), no systematic study of the composition dependence of Ni 2+x+y Mn 1−x Ga 1−y alloys has been done so far. The composition dependence of the magnetic properties of Ni 2+x Mn 1−x Ga shows that the Curie temperature T C decreases as Ni is substituted for Mn in the interval 0 < x < 0.18; with a further increase in Ni, the Curie temperature and the martensitic transition temperature merge, and an increase in T C is observed in the interval 0.18 < x < 0.22 [27, [37] [38] [39] [40] . The critical temperature of the coupled magnetostructural transition in the interval 0.22 < x < 0.27 does almost not depend on composition. For still larger concentration, 0.27 < x < 0.36, the Curie temperature decreases while the martensitic transition temperature abruptly increases with incresing x. Wang et al. [18] studied Ni 2−x Mn 1+0.5x Ga 1+0.5x in the range x = 0 − 0.1 and found that the decrease in the Curie temperature T C is accompanied by a decrease in the saturation magnetization M 0 and the Mn magnetic moment. The experimental data for Ni 2+x Mn 1−x Ga and Ni 2−x Mn 1+0.5x Ga 1+0.5x show that any deviation from stoichiometry results in a decrease of T C and M 0 . Many experimental observations like the decrease in T C of Ni 2+x Mn 1−x Ga [27] , the increase in T C of Ni 2 Mn Z (Z = Al, Ga, In, Sn, Sb) under pressure [41] , decrease in T C for isoelectronic substitution of In atoms for Ga atoms, which leads to an increase in the lattice parameter [21] , can be explained by the change in the average distance between the Mn atoms, which carry the magnetic moments. Moreover, recent results of Khovailo et al. [40] evidenced that the Curie temperature of martensite is larger compared to austenite. This is due to changes in interatomic distances and overlap of electronic orbitals. This effect cannot solely be attributed to a change in the unit cell volume at the martensitic transformation. Indeed, the study of the influence of hydrostatic pressure on T C and T M of stoichiometric Ni 2 MnGa [41] has shown that the exchange interaction of austenite increases with decreasing unit cell volume. Since the unit cell volume of martensite is larger than that of austenite [42] , it seems likely that the primary role of the magnetic exchange interactions in Ni 2+x Mn 1−x Ga alloys is associated with its changes due to the lattice distortions at the martensitic transition. In a similar way, the influence of a structural transition on the change of magnetic exchange interactions in the intermetallic compound Gd 5 (Si x Ge 1−x ) 4 was recently discussed in [43] .
Despite the fact that the Ni-Mn-Ga alloys possess magnetic properties typical for a metallic ferromagnet, the behavior of the magnetization near the structural transition exhibits unique peculiarities. As already noted, at the structural transition in the ferromagnetic state, the magnetization increases by 0.3-25% depending on the sample composition [40] . The peculiarities are most pronounced at the so called "magnetostructural transition", which was originally studied experimentally and theoretically in [1, 4, 27, [37] [38] [39] [40] . Here, the Curie temperature exhibits a temperature hysteresis, which is characteristic of a first order phase transitions. The isothermal magnetization also exhibits unusual hysteretic behavior in external magnetic fields of 2-10 T. This hysteresis is related to magneto-induced paramagnetic austenite-ferromagnetic martensite at constant temperature [44] .
The data discussed in [45] [46] [47] [48] [49] suggest that the ratio c/a, which gives the tetragonal distortion of the cubic lattice caused by the transition to the martensitic state, depends on the alloy composition. An abrupt change from c/a < 1 to c/a > 1 takes place in alloys with e/a ≥ 7.7. In contrast to the alloys with e/a < 7.6, for which T M < T C , the martensitic transition takes place in the paramagnetic state in alloys with e/a ≥ 7.7 (see Fig. 1 ). The exact position of the transition at e/a ≈ 7.62 between the tetragonal phases with c/a < 1 and c/a > 1 is given in [46] . For e/a ≤ 7.62 a combined magnetostructural phase transition with T M ≈ T C , occurs, pointing to an enhancement of magnetoelastic interaction and leading to a considerable increase in tetragonal distortions of the cubic lattice. In this respect, we note that Ni 2.16 Mn 0.84 Ga (T M < T C and e/a = 7.62) and Ni 2.19 Mn 0.81 Ga (T M ≈ T C and e/a ≈ 7.64) possess different mechanical properties and, very probably, different martensitic transformation kinetics. Polycrystalline samples of Ni 2.19 Mn 0.81 Ga are known to rapidly disintegrate when thermocycling through the martensitic transition temperature, while polycrystalline samples with composition Ni 2. 16 Mn 0.84 Ga, prepared by the same method, endure multiple thermocycling through T M without substantial degradation of the mechanical properties. Possibly, the rapid disintegration of the Ni 2.19 Mn 0.81 Ga samples can be explained by the fact that these samples undergo larger distortions (compared to those in Ni 2. 16 Mn 0.84 Ga) of the cubic lattice during the martensitic transformation.
Influence of a magnetic field on magnetostructural transition and magnetomechanical phenomena
If the magnetization of the martensitic phase differs from that of the austenitic phase, application of a magnetic field shifts the structural transition temperature, i.e., it stabilizes the phase with the larger magnetization. This effect can be used to obtain giant magnetostrains within the temperature interval of the martensitic transformation. Magnetically controlled reversible shift of the martensitic transformation temperature was observed for Ni 2+x Mn 1−x Ga with x = 0.16 − 0.19 [50] . The one-and two-way shape memory effect due to magnetically controlled martensitic transition was experimentally observed in [51] . Magneto-induced shape memory effects and related magneto-deformations have been investigated in detail for monocrystalline and polycrystalline Ni-Fe-Ga and Ni 2+x−y Mn 1−x Fe y Ga samples [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . It appears that admixture of iron improves the mechanical properties of Ni 2+x Mn 1−x Ga (co-alloying of other transition metals might also be a way to improve the transition temperatures). Here, samples
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Advances in Shape Memory Materials with the shape of plates were trained for the two-way shape memory effect by thermocycling under a load. The training resulted in an increase in the attainable bending strain from 2% for the untrained sample to 4.5% for the trained sample after multiple thermocycling. The shape memory effect, caused by the shift of T M induced by a magnetic field, was observed for a trained plate of Ni 2.15 Mn 0.81 Fe 0.04 Ga with T M ≈ 313 K [51] . In this experiment, the plate, which in the martensitic state had a curved shape, was brought into a magnetic field of H = 100 kOe at room temperature. It was then heated in the field to 315 K and the temperature was stabilized. Under these conditions, the bending strain amounted to roughly 3%. When the magnetic field was switched off, the plate transformed to the austenitic state and became unbent. Thus, the bending strain ∆ε = 3% had been induced by the magnetic field of H = 100 kOe.
Magnetomechanical phenomena due to switching of martensitic variants
Ferromagnetic shape memory alloys are unique in the sense that they allow for giant magnetically induced strains caused by the reorientation of the martensitic variants via a magnetic field. This mechanism was first realized by Ullakko et al. The maximal achievable magneto-deformation due to rearrangement of martensitic variants is determined by the crystallographic distortions 1 − c/a of the initial cubic phase at the martensitic transition. For Ni 2+x+y Mn 1−x Ga 1−y , we typically find c/a ≈ 0.94, which is sufficient to observe magneto-deformations of the order of 6% in a magnetic field 10 kOe. Giant values of magneto-deformations found in these alloys are not only due to large crystallographic distortions of the parent phase at T M but also due to favorable relationship between the effective elastic moduli, hindering of martensitic domain boundary motion, and large uniaxial magnetocrystalline anisotropy constant K u . Recently, record values of 9-10% of magneto-induced deformations have been reported in [7, 63, 64] . A single crystal with composition Ni 48.8 Mn 29.7 Ga 21.5 and orthorhombic structure of the martensitic phase (7M) was used in this study. Magnetically controlled deformations of up to 10% were found in accordance with the high crystallographic distortion of the parent-austenitic lattice. In order to observe the giant strains induced by the magnetic field in Ni 2+x+y Mn 1−x Ga 1−y alloys, the samples are usually placed in a biasing magnetic field or are subjected, prior to experiments, to uniaxial stresses. The same effect can be achieved by changing the orientation of the magnetic field. Moreover, there have been reports about cyclic reproducible magnetically induced strains observed in unstressed samples.
Magnetomechanical effects and their applications
Two different physical approaches have been chosen to employ magnetically controlled mechanical deformations in kind of toy model devices: Through the magnetically controlled shape memory effect, i.e. using the magnetically controlled structural transition, and through the magnetic field-induced motion of martensitic domain boundaries.
Studies conducted along the first approach resulted in persuasive demonstration of the shape control of the sample by an external magnetic field, while those employing the second approach have already yielded technological products (see http://www.adaptamat.com). Each approach has its advantages and drawbacks set by the physical nature of the effects involved. The first approach has certain advantages regarding potential applications:
(1) The magnetically controlled classical shape memory effect, triggered through the shift of the structural transition by the magnetic field, is universal and any changes in the shape or dimensions of the sample such as bending, compression, extension, etc., can be attained by the external magnetic field. Moreover, samples can be in the form of wires, plates, shell-like structures, films etc.
(2) The magnetically controlled classical shape memory effect is capable of changing the sample shape at greater counteracting load.
(3) When controlling the shape through the magnetically controlled martensitic transition, polycrystalline samples can be used, which are cheaper and easier to manufacture than single crystalline samples. However, so far, colossal (of the order of or greater than 1%) magneto-deformation through magneto-induced restructuring of martensitic variants in polycrystals has not yet been reported. One also has to keep in mind that the magnetic fields required to cause motions of martensitic variants, are lower (1-10 kOe) when using the second approach; also, the operating temperature range is somewhat broader.
Magnetocaloric efffect in Ni-Mn-Ga
Besides the magnetic shape memory effect, the magnetocaloric effect which exhibit in Ni-MnGa alloys, is of technological interest [65] [66] [67] [68] [69] . Quite general, materials experiencing a structural phase transition in the ferromagnetic state, are promising as operating agents in solid-state refrigerators because of their high efficiency compared to gaseous agents. Experimental values regarding the magnetocaloric effect of Ni-Mn-Ga alloys with coupled magnetostructural phase transitions, are about 30 J/(Km 3 ). These values are of the same order as in the so-called giant magnetocaloric materials, such as Gd 5 (Si x Ge 1−x ) 4 [70, 71] . The peculiarity of the Ni-Mn-Ga materials is that by means of choosing appropriate compositions, one has a wide range of operating temperatures (1-600 K), which is important for multistage refrigerators. Also, in these materials, the magnetocaloric effect is accompanied by giant magneto-mechanical effects.
Intensive experimental and theoretical work on the magnetocaloric effect, in particular in NiMn-Ga and in the novel magnetic shape memory alloys Ni-Mn-(In, Sn, Sb) (see also discussion below), have been undertaken in Duisburg and Barcelona [72] [73] [74] [75] and in other places [76] .
Some of these alloys exhibit an interesting phase transition from antiferromagnetic martensite to ferromagnetic austenite. In view of the fact that the largest magnetocaloric effect observed so far, has been reported for FeRh, undergoing an antiferro-ferromagnetic transition, magnetocaloric properties of the ternary compounds are worth studying. Meanwhile, other intermetallic compounds which display an antiferro-ferromagnetic transition or which undergo a first-order magnetic phase transition showing a giant magnetocaloric effect, are also studied. In particular, this concerns MnSb [77] , NiMnGe and CoMnGe [78] which have the NiAs structure. Here, substitution of Mn for Cr leads to an antiferro-ferromagnetic transition. Therefore, it would be interesting to perform more intensive studies of alike substitutions and how this affects the magnetocaloric effect in MnSb. Alloys from the NiMnGe system are also promising because of the structural phase transition these alloys exhibit.
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Novel ferromagnetic shape memory alloys: Ni-Mn-Z (Z = Al, In, Sn, Sb)
For a technical breakthrough, especially with respect to applications of the magnetic shape memory effect, higher working temperatures are desirable necessitating higher Curie and martensitic temperatures and, in particcular, materials which are more ductile than Ni 2 MnGa. There have been a few systematic attempts to achieve this. For example, higher transition temperatures can be obtained by co-alloying other transition metal elements like Fe or Co in Ni-Mn-FeCo-Ga [79] or by manufacturing new ferromagnetic Heusler alloys of the type Fe-Cr-Mn-Si [80] . Also, a systematic exploration of the Ni-Mn-Ga phase diagram itself still leads to novel ferromagnetic shape memory alloys [81] . Yet the simultaneous enhancement of T C and T M together with the request of higher ductibility of the materials seem to be difficult to fulfill. To some extent, the new alloys of the kind Ni-Mn-Z (Z = Al, In, Sn, Sb) have been explored in detail regarding their elastic and phonon behavior and magnetic-field induced effects [82] [83] [84] as well as their magnetocaloric properties already mentioned above [72] [73] [74] [75] [76] .
Theoretical investigations of ferromagnetic Heusler alloys
The theoretical studies of ferromagnetic Heusler alloys are mainly based on two approaches by either using phenomenological concepts like a Ginzburg-Landau ansatz to discuss the magnetic and structural phase transitions (for example, see [1] ) or by using first principle methods (for example, see [2] [3] [4] ).
In the phenomenological models, care has been taken of the various competing order parameters involving magnetic order, tetragonal or orthorhombic deformation and modulation of the crystal lattice. This allowed to establish the phase diagram quite unambiguously [85] , although the input parameters in the Ginzburg-Landau expansion have to be fixed either by comparing the calculated phase diagram to experimental results or by comparing the phenomenological model to ab initio calculations. Alike models allowed also to deal with the giant magneto-induced deformations in Ni-Mn-Ga [86, 87] and to calculate the entropy change at the magentostructural phase transition [69] .
As mentioned above, the band Jahn-Teller effect plays an important role in the ferromagnetic Heusler alloys: A careful analysis of the orbital-projected density of states of Ni 2 MnGa showed that the structural instability may partially be attributed to this effect (see discussion in [4, [12] [13] [14] 88] ). Also, the anomalous behavior of the nearest neighbor Ni-Ni force constants is certainly involved in the transformation [4, 89] . With respect to the stability of martensite, it is interesting to note that the investigation of the non-modulated and modulated tetragonal and orthorhombic structures of Ni 2 MnGa has shown that the non-modulated tetragonal structure has the lowest energy at zero temperature of all martensites investigated so far. The latter observation is in agreement with the experimentally detected sequence of intermartensites in slightly off-stoichiometric Ni-Mn-Ga [90] . However, we would like to point out that the ab initio energies obtained for the structures with c/a < 1 relative to cubic L2 1 with c/a = 1 differ and depend on the ab initio method used in the calculations: Barman et al. have even obtained an absolute minimum for c/a < 1 [88] ; this result is however in contrast to all other ab initio calculations reported so far in the literature.
Urgently needed are systematic calculations of Ni-Mn-(Al, Ga, In, Sn, Sb) in order to check whether it is the nature of the atomic modulations which stabilizes the various intermartensites at finite temperatures in the different systems. Results for Ni 2 MnGa [91] show that only modulations stabilize martensite and, possibly, alike modulations might be of similar importance for the other ferromagnetic Heusler alloys, too. In particular, further ab initio simulations are needed to establish the complete phase diagrams of Ni-Mn-(Al, Ga, In, Sn, Sb) including those compositions which have not been checked experimentally or which are not accessible in the experiments. Since calculations are less costly than experiments, the ab initio methods provide also ideal tools to search for new, elastically (higher ductibility) more suitable materials or materials with higher T C or M S . A candidate to be investigated in near future by us is (Pd-Ni) 2 Mn(Ga-Al-Fe-Co).
First-principles calculations were also used in order to investigate phonon anomalies in nonmagnetic and magnetic Heusler alloys [92] . Phonon dispersions for several systems (listed in [4] ) in their cubic L2 1 structure were obtained along the [110] direction. Analysis of the electronic structure has allowed to identify additional characteristic features leading to the structural instabilities. The phonon dispersions of the unstable compounds show that, while the acoustic modes tend to soften, the optical modes disperse in a way which is significantly different from that of the stable structures. The optical modes that appear to disperse at anomalously low frequencies are Raman active, which is considered an indication of stronger polarizability of the unstable systems. It was shown that phonon instability of the TA 2 mode in Heusler alloys can be associated with the interaction (repulsion) of this main shear mode with the low-energy optical vibrations. The optical modes show their unusual behavior due to covalent interactions which are additional bonding features incommensurate with the dominating metallicity in Heusler compounds. See further discussion below.
In addition, many different toy models can be found in the literature, which aim at describing further aspects such as, e.g., the high mobility of twin boundaries in the underlying magnetic matrix or emphasizing the importance of interface defects with dislocation and step character important for rearrangement of the twins by plane-by-plane transformations [93] [94] [95] . The latter point is at the heart of the magnetic shape memory effect involving strains of the martensitic sample of up to 10% in an external field of less than one Tesla (the magnetic shape memory mechanism is usually referred to as magnetic field-induced reorientation (MIR) which should be distinguished from the magnetic field-induced martensite (MIM), for instance, see [96] ).
In spite of the success of theoretical studies of ferromagnetic Heusler alloys, some problems have not been investigated until now. In particular, the influence of magnetoelastic coupling on magnetic and structural properties is far from being clear. Only first attempts have been made to study the influence of a magnetic field on microstructure, mobility of martensitic domain boundaries and shape of the alloys [97] [98] [99] [100] . It has also remained unclear in how far lattice modulation will cause a modulation of the magnetic moments of Mn. Finally, we need a microscopic theory of the magnetocaloric properties, which takes into account the (magnetoelastic) coupling of ferro-and antiferromagnetism and structure and its role in the magnetostructural phase transition.
Role of magnetoelastic coupling in Ni 2 MnGa
We have recently calculated the magnetic binding surface of Ni 2 MnGa, i.e. the projection of the toal energy onto the (c/a, M)-plane, which describes the intrinsic ability of the system to undergo large tetragonal distortions (either in the L2 1 or in the 5M state) without involving any twin boundary motion. With slight changes in the magnetization calculated with the fixed spin moment method [101] (which corresponds to applying an external magnetic field), the tetragonal deformations easily reach some percent practically without any cost in energy. This behavior is easily read off from Fig. 4 which shows constant energy contour lines in the (c/a, M)-plane [99] .
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This energy surface reflects the importance of magnetoelastic coupling (without having calculated the coupling constant itself) by indicating that small magnetic field changes or temperature changes will cause minor magnetization changes but can involve huge structural changes. Although the actual magnetic field-induced strain occurs in the twinned 5M martensite of NiMn-Ga samples which have a large magnetic anisotropy energy, the ab initio binding surface reveals large structural changes with minimal field changes, i.e the intrinsic magetoelastictically driven shape memory effect. Corresponding binding surface calculations for off-stoichiometric compositions, especially for compositions which exhibit the magnetostructural transition, still need to be done. The changes of the electronic spectrum of Ni 2 MnGa when passing from austenite to martensite, either to the tetragonal, non-modulated or modulated structures with c/a < 1 or to the non-modulated L1 0 with c/a > 1, have been investigated by several authors [4, 14, 88] . During the transformation, the repopulation of Ni-d and Mn-d states with decreasing temperature lowers the energy of the system by a simultaneous tetragonal lattice distortion, which shifts the Fermi energy to a low-density of states region and the appearance of a pseudogap. This goes hand in hand with a substantial reconstruction of the Fermi surface which is associated with a considerable shift of Ni-d x 2 −y 2 states from below E F to above E F . The reconstruction of the Fermi surface has recently been confirmed by APRES measurements [102] . The associated change of the electronic density of states (DOS) from the cubic L2 1 to the tetragonal L1 0 structure with c/a = 1.25 has been discussed in [4, 14, 88] .
With the transformation from cubic L2 1 to the 5M phase (with a so-called 3M premartensitic phase in between, see Fig. 1 and 2) , an incomplete phonon softening of the main TA 2 shear mode is observed experimentally [35] . This softening of the L2 1 phase appears already above the ferromangetic phase transition and develops into to a remarkable softening when approaching the premartensitic transition, after which it starts to harden again when the temperature is further lowered approaching the transformation to the 5M structure. This premartensitic softening occurs near the wave vector q ≈ 1 3 (2π/a)(1, 1, 0) and has been identified with a corresponding nesting vector of the Fermi surface of the cubic phase [103] .
With the purpose to explain this nesting behavior, the magnetization dependence of the magnetic susceptibility of minority-spin and majority-spin electrons in Ni 2 MnGa was calculated in [104] , from which is was inferred that there is no Fermi surface nesting at this particular wave vector, q ≈ (2π/a) (1, 1, 0) , which is associated with the minority-spin Fermi surface. Instead, by assuming a reduced magnetization at finite temperature an approximate nesting was found at q ≈ (2π/a)(1, 1, 0) neither in minorityspin nor in majority-spin channel; also not at a reduced magnetization (which corresponds to elevated temperatures). Instead we find nesting behavior at q ≈ 0.4(2π/a)(1, 1, 0) and q ≈ 0.6(2π/a)(1, 1, 0), which, tentatively, can be related to the tetragonal structure with c/a = 0.94. Figure 5 shows the calculated Fermi surface of Ni 2 MnGa for the minority-spin electrons consisting of two sheets.
For both sheets of the Fermi surface, nesting exists for q ≈ 0.4(2π/a) [110] . We have also calculated a histogram corresponding to the generalized susceptibility, which confirms the nesting at this vector for the minority-spin electrons but no nesting for the majority-spin electrons.
Phonon anomalies in austenite and 5M martensite
In addition to the ground state phonon spectra of many cubic L2 1 Heusler phases discussed in [4, 89] , we have recently evaluated the phonon spectra for different magnetizations by using the fixed spin moment method [101] . These calculations highlight the importance of magnetic order as a stabilizing feature of the austenitic phase, see [97] .
Of particular interest are the phonon spectra of the martensitic phases like the non-modulated tetragonal and modulated 5M structures with (c/a = 0.94) of Ni 2 MnGa (for further magnetic field-induced changes of phonon spectra of magnetic shape memory Heusler alloys, which are not discussed here, we refer to [4, 89, 98, 99] ). The main observation is that tetragonal martensite (c/a = 0.94) is only stable because of atomic modulations and magnetism. This is illustrated in Fig. 6 , which clearly shows the importance of the modulation. For simplicity, the calculation has been done for the tetragonal structure assuming that the modulation imposes only a slight perturbation of the structure, that does not affect crystal symmetry. This is certainly an oversimplification as the correct crystal symmetry considering modulation is monoclinic; calculations for the latter case are under way.
We would like to point out that recently two groups have measured the phonon spectrum of Ni 2 MnGa in the martensitic 5M state and its temperature dependence [105, 106] . The remarkable observation is that low-energy phonons of 5M Ni 2 MnGa measured along the transverse [110] direction show contributions which resemble results of calculations of highly anharmonic crystals which can be discussed on the basis of a condensed charge density wave in the crystal (for example, see the discussion in [107] and references therein). Since there is indeed a kind Fig. 7 .
A classical one-dimensional model which is suitable to describe lattice dynamics of modulated systems was given in [107] . It contains interactions up to third nearest neighbors and a . The right panel shows the corresponding spectrum for reduced magnetization. The spectra are calculated using the relaxed modulated supercell in the method based on the (over-)simplifying assumption that the modulation imposes only a small pertubation on the I4/mmm symmetry of the unmodulated phase. The correct symmetry of the 5M structure is the monoclinic group 12 (B2/m) with 9 inequivalent atoms (instead of 3 for the tetragonal case). Despite the oversimplifications, useful information can be gained on the stability of the modulated phase with respect to changes of the magnetization. Mimicking finite temperature effects by decreasing the moment, the TA 2 branch becomes soft and finally unstable around ξ ≈ 0.7. This may be a hint that another (smaller) modulation period will be preferred, here. Also, as in the unmodulated case, an additional instability at the gamma point occurs indicating another structural transformation.
fourth order term for stabilizing the free energy functional:
The special dispersion curve shown in Fig. 7 (right panel) was obtained from the eigenvalue equation for u n = 0:
where β has been set to −1, γ to +1 and the other parameter to the following values: α = 1.5 (solid curve), α = 1.75 (dashed curve), and δ = 0.5. For α = 1.5 the mode becomes soft at q c = π/2a where a is the lattice constant. This simple formalism can be extended to include interactions to fifth nearest neighbors, which would allow the mode to become soft at two different q vectors. However, we would like to stress that with respect to Ni 2 MnGa, the possible origin of an incommensurate phase is probably related to the formation of a charge density wave arising from the Ni-charge, which may be related to the instability of the lattice with a wave vector of twice the Fermi wave vector (for instance, see the classical papers of Overhauser [110, 111] ). The analogue in terms of a classical one-dimensional model with strong anharmonicities is only a poor description. Ab initio calculations pursuing this subject are under way showing that besides anharmonicities details of the magnetic order in the lattice seem to play a decisive role [112] .
Conclusions
We have discussed a few basic features of magnetic Heusler alloys which display the magnetic shape memory effect. The discussion has also touched open, unresolved questions. An important quantity not discussed here, is the change of magnetic anisotropy energies as a function of c/a. This has been evaluated from ab initio calculations showing the expected increase with increasing tetragonal deformation in agreement with experiment [99] . This may also be taken as a hint for an increase of the magnetoelastic coupling in martensite giving rise to the shape memory effect. An investigation of magnetoelastic coupling and its impact on phonon anomalies in the magnetic shape memory alloys is under way. We conclude this paper by pointing out that the martensitic intermediates as well as anomalies arising from the magnetoelelastic coupling depend generically on the softness of the lattice with repsect to c/a variations at constant magnetization, which allows for large strains in the lattice without too much cost of electrostatic energy when shuffling the atoms. First-principles calculations have proven to be a very convenient tool to elucidate the subtle coupling of electronic and lattice degrees of freedom in the magnetic shape memory alloys.
